BILE ACIDS ARE OXIDIZED DERIVATIVES of cholesterol produced by the liver that facilitate the absorption of dietary lipids. Bile acids activate the farnesoid X receptor (FXR), a nuclear hormone receptor regulating bile acid metabolism, and influence expression of numerous genes, including their own synthesis enzymes and transporters (23). Cholestasis, either from impaired bile flow or from intrahepatic causes, can lead to hepatic fibrosis, cirrhosis, and end-stage liver disease. Biliary atresia, a pediatric cholestatic disorder, is the most common indication for liver transplantation in children. Other biliary diseases, such as primary biliary cirrhosis and primary sclerosing cholangitis, also often require liver transplants in adults. Intrahepatic cholestasis of pregnancy can lead to serious complications for the mother and grave outcomes for the fetus (1) . Therefore, understanding the mechanisms leading to bile acidinduced hepatic damage is crucial to treatment of these disorders.
Foxa2, formerly known as HNF-3␤, is a liver-enriched forkhead box or winged helix transcription factor initially found to bind the promoters and regulate the expression of the ␣1-antitrypsin and transthyretin genes (7) . Binding of Foxa factors to their target sites has been shown to be essential for several nuclear receptors to access their cis-regulatory elements in multiple tissues (4, 11, 25, 36) . In the liver, Foxa2 is required to facilitate chromatin access of the glucocorticoid receptor (GR) for maximal induction of target genes during fasting (36) . Using genomic location analysis and tissue-specific gene ablation, we recently showed that Foxa2 controls multiple genes involved in bile acid metabolism, including those encoding conjugation and detoxification enzymes, and transporters on both the sinusoidal and canalicular surface of hepatocytes. Consequently, deletion of Foxa2 in hepatocytes in Foxa2 loxP/loxP ;Alfp.Cre mice leads to mild hepatic cholestasis, which is worsened when Foxa2 mutants are challenged with a diet supplemented with cholic acid (CA), a natural ligand for FXR. Under these conditions, Foxa2 mutants show intrahepatic cholestasis, a disproportionate rise in serum bile acids, and significant liver injury (3) .
To investigate why Foxa2-deficient mice exhibit a more dramatic phenotype on a CA diet than on normal chow, we used a functional genomic approach to study how Foxa2 regulates its targets in a CA-dependent manner. We hypothesized that the presence of Foxa2 binding sites near bile-acid response elements bound by FXR is required to activate a set of genes critical for the hepatic response to CA. We performed gene expression profiles of Foxa2 mutants on both standard and CA-supplemented diets and a genome-wide location analysis of Foxa2 binding in the liver to determine the subset of genes directly regulated by Foxa2 in each metabolic condition. When searching for cis-regulatory motifs in CA-responsive and CA-nonresponsive direct Foxa2 targets, we discovered distinct feed-forward regulatory loops in the network of genes regulated by Foxa2 in the two conditions. Thus, Foxa2 interacts with various transcription factors to achieve gene expression appropriate for different physiologic states.
MATERIALS AND METHODS

Animals. The derivation of the Foxa2
loxP/loxP ;Alfp.Cre mouse model has been reported previously (24) . We also used liver-specific Ncoa2 (SRC-2 F/F) knockout mice that have been characterized previously (5) . Two-to three-month-old male mice were used in all studies. Mice were genotyped by PCR of tail DNA. The bile acid feeding study was performed as described previously (3) .
RNA isolation and expression analysis. Liver RNA was isolated from Foxa2 loxP/loxP ;Alfp.Cre and control littermates as reported previously (36) . Sample RNA quantity and quality were determined using the Agilent Bioanalyzer RNA 6000 Nano Chip Kit. We amplified and labeled 500 ng of total RNA of each sample using the Quick Amp Labeling Kit (Agilent Technologies). We hybridized 825 ng of labeled cRNA to the Agilent 4x44k Whole Mouse Genome Oligo Microarray. The experimental design involved three direct comparisons: 1) cRNA from a wild-type mouse on standard chow was hybridized against cRNA from a Foxa2 mutant on standard chow, 2) cRNA from a wild-type mouse on CA diet was hybridized against cRNA from a Foxa2 mutant on CA diet, 3) cRNA from a wild-type mouse on standard diet was hybridized against labeled from a wildtype mouse on CA diet.
Four sets of biological replicates were used in each direct comparison experiment. The data were normalized by the Loess method using the limma (Linear Models for Microarray Data) package in R (Smyth, GK 2005). Statistical analysis of the microarray data was performed using the significance of microarrays (SAM) (29) package with a false discovery rate (FDR) of 15%. The data have been deposited into ArrayExpress (accession numbers E-MEXP-2106, E-MEXP-2107, and E-MEXP-2109). Quantitative RT-PCR was performed as described previously (36) .
Chromatin immunoprecipitation and genome-wide location analysis. Chromatin immunoprecipitation (ChIP) and the following realtime PCR reactions were performed as described (22) . Snap-frozen mouse liver (100 mg) from wild-type and Foxa2 mutant mice (n ϭ 4 animals per group) was used to prepare chromatin. Immunoprecipitation was performed with rabbit anti-Foxa2 serum (2) . Immunoprecipitated DNA was amplified using ligation-mediated PCR (LM-PCR) as described previously (20) . Two micrograms of amplified material were labeled using BioPrime Array CGH Genomic Labeling System and hybridized to the Mouse Promoter ChIP-on-Chip Microarray (Agilent Technologies). We utilized a direct comparison design with four sets of biological replicates, where labeled DNA immunoprecipitated from a wild-type mouse was hybridized against labeled DNA immunoprecipitated from a Foxa2 mutant. The data were analyzed using ChIP Analytics software (Agilent Technologies) and deposited into ArrayExpress (accession number E-MEXP-2111).
Analysis of overrepresented functional categories. The Database for Annotation, Visualization and Integrated Discovery (DAVID) 2008, a bioinformatics tool provided by the National Center for Biotechnology Information (NCBI: http://david.abcc.ncifcrf.gov/), was utilized to determine functional biological categories enriched in the set of 1,516 genes bound by Foxa2 in vivo. DAVID 2008 utilizes several annotation systems, including Gene Ontology categories, PIR, SwissProt keywords, and pathway maps to summarize the functional information in a large dataset. Functional categories were ranked based on co-occurrence probability, also known as the EASE-score, a metric detecting functional categories overrepresented in the target list compared with all the genes represented on the array platform used. Ingenuity Pathways Analysis (Ingenuity Systems, http://www.ingenuity.com) for Foxa2 targets was carried out as described previously (34) .
Sequence analysis. The sequence of each oligo tile (60 bp) bound by Foxa2 on the Mouse Promoter Microarray was extended by 120 bp on each side, producing a 300 bp sequence that was used to scan for transcription factor motifs. Background sequences (also 300 bp) were obtained randomly from the overlap of genes represented on both Agilent 4x44k Whole Mouse Genome Oligo Microarray and Agilent Mouse Promoter ChIP-on-Chip Microarray. All sequences were extracted using Galaxy (27) . PWMScan software (14) was used to scan the sequences with positional weight matrices (PWMs) from the Transfac database (16) , and the Asap program (15) was employed to scan PWMs from the JASPAR database (31) . The Fisher's exact test was utilized to assess whether a given PWM was overrepresented in the Foxa2 bound sequence compared with the background set. A permutation test (n ϭ 1,000) was used to evaluate the difference in distances from Foxa site between the motifs in CA-responsive and CA-nonresponsive groups.
Clustering. The clustering analysis was performed using TIGR Multiexperiment Viewer Software (MeV; The Institute for Genomic Research, Rockville, MD).
RESULTS
Foxa2 regulates distinct gene modules in different physiological conditions. We recently reported that Foxa2 plays a significant role in bile acid metabolism, especially in mice fed a CA-containing diet (3). We hypothesized that the genes regulated by Foxa2 differ depending on the physiological condition and performed gene expression profiles of Foxa2 mutants (Foxa2 loxP/loxP ;Alfp.Cre) on standard chow and CA diet to investigate the molecular basis for the more severe phenotype in the latter condition (Fig. 1A) .
CA serves as a ligand of Fxr and has a massive effect on gene expression. Therefore, we also performed expression profiling of wild-type mice on CA diet (Experimental Design in Fig. 1 ) to identify the subset of genes activated by CA. Next we contrasted Foxa2-dependent genes that did not respond to CA (category 1 and category 2, Fig. 1B ) with those that were responsive to CA (category 3, Fig. 1B ). Since Foxa2 acts as a transcriptional activator (12), a gene was classified to be Foxa2-dependent if its mRNA levels were downregulated in Foxa2 mutants on either (or both) diets. If expression of a gene increased in wild type animals on the CA diet, that gene was characterized as CA-responsive. Finally, Foxa2-dependent/ CA-responsive genes were classified as those whose expression increased in wild type mice on cholic acid diet compared with regular chow, and decreased in Foxa2 mutants on CA diet compared with their control littermates on the CA diet (category 3, Fig. 1B) .
Consistent with the severe phenotype of Foxa2 mutants fed a CA-containing diet, the number of differentially expressed genes was greatly increased compared with Foxa2 mutants fed normal chow (404 genes downregulated on standard diet vs. 7066 on CA diet, Fig. 2A ). Of the genes downregulated in livers of Foxa2-deficient mice fed the standard diet, 60% were also downregulated on the CA diet. Differential expression of thousands of genes in Foxa2 mutants on CA-supplemented feed is likely due to indirect effects, because these animals exhibit increased cholestatic liver injury (3), which induces proinflammatory cytokines, such as tumor necrosis factoralpha (TNF-␣) (28) . In fact, expression of TNF-␣ was induced about six-fold in Foxa2-deficient mice fed the CA diet (Supplementary Table 1   1 ). TNF-␣ has been shown to decrease expression of Rxra, a nuclear receptor that heterodimerizes with Fxr, and coactivators Ppargc1a and Ppargc1b (10) . Expression of these genes was indeed significantly reduced in Foxa2 mutants on the CA diet (Supplementary Table S2 ), explaining the magnitude of the change in gene expression in these mice.
CA also had a considerable effect on gene expression in wild-type mice, modulating expression of Ͼ7,000 genes (Fig.  2B ). Next, we intersected the set of CA-responsive genes with the set of genes downregulated in Foxa2-deficient mice on CA, dividing the set of Foxa2 targets into CA-responsive (37%) and CA nonresponsive (63%, Fig. 2B ). We wanted to differentiate between the targets which are upregulated by CA as a physiological response to increased bile acid load and the damage it induces (CA-responsive) and are downregulated in absence of Foxa2 (category 3, Fig. 1B) , and the targets that are downregu-lated in Foxa2 mutants due to other causes (category 1 and category 2). Multiple targets of Foxa2 that have been characterized previously (3) were also differentially expressed in our high-throughput experiments (5 on standard diet, 6 on the CA diet). We verified additional targets for all experiments described in Fig. 1A by quantitative real-time PCR (Fig. 2, C-E) . We also performed a clustering analysis to pinpoint the genes that are CA-responsive and downregulated in Foxa2 mutants (Fig. 2F) . The genes that respond to CA in wild type mice function in cellular maintenance, cell-to-cell signaling, and immune response (Fig. 2G) , which is consistent with the inflammatory response associated with acute liver injury (26) . The toxicity pathways overrepresented in Foxa2 mutants include hepatic fibrosis and liver damage (Fig. 2G) .
Interestingly, functional analysis of the targets that respond to CA in wild-type animals but are downregulated in Foxa2 loxP/loxP ;Alfp.Cre mice also revealed a group of genes containing the LIM domain, a protein-protein interaction motif involved in cell fate specification, development, and cytoskeletal organization. Lhx1 (Lim1) has been shown to interact with Foxa2 during development (8) , but its function in the adult liver is not known. Lhx2-null mice develop hepatic fibrosis (32) . Both of these genes are induced by CA and downregulated in Foxa2 mutants on CA diet, suggesting an additional link between Foxa2 deficiency and liver injury.
Global analysis of Foxa2 occupancy. The gene expression changes in Foxa2 mutants fed a CA-containing diet were extensive. We wanted to isolate the direct transcriptional targets of Foxa2 to assess how binding of Foxa2 alters gene expression in this physiological condition. To this end we performed genome-wide location analysis to identify the set of genes directly bound by Foxa2 in vivo using the Agilent Promoter ChIP-on-Chip Microarray (Fig. 3A) , with 60-mer oligos positioned every 240 bp. The design of this array simplifies the procedure of pinpointing the transcription factor binding site since the sequence space to be searched is small (Fig. 3B ). This genome-wide location analysis yielded 1,516 regions as Foxa2 bound targets. The overlap between the current data set and our prior analysis utilizing a smaller promoter/enhancer array (3) was substantial (Ͼ50%), indicating the robustness of the technology. We evaluated the array results by quantitative real-time PCR (Q-PCR) of 10 randomly selected targets. All regions that were selected for verification confirmed Foxa2 binding (Fig. 3C) .
To distinguish which changes in the gene expression profile described above were due to direct Foxa2 regulation, we evaluated which functional categories and pathways were overrepresented in the Foxa2-bound targets compared with all genes represented on the Agilent array. The extended list of Foxa2 targets, just like the target list from previous ChIP-onChip analysis, contained clusters of categories with genes involved in lipid metabolism (Fig. 3D ). In addition, the "molecular transport" category was found to be highly overrepresented (P value 1.03e-6), supporting our previous findings attributing the cholestatic phenotype of Foxa2 mutant mice to reduced expression of bile acid transporters. One of the top canonical pathways overrepresented among the Foxa2 targets was "FXR/RXR activation," a pathway that is also consistent with the Foxa2 mutant phenotype, but which was not identified in our previous analysis due to the smaller number of targets represented on the BCBC Mouse Promoter array.
Foxa2 interacts with different transcription factors to achieve gene expression responses appropriate for each physiologic state. Next we identified the subset of genes changed in mRNA abundance in each physiologic condition. We intersected the sets of genes downregulated in Foxa2 mutants on both standard diet (Fig. 4A ) and CA diet (Fig. 4B) , with the set of regions bound by Foxa2 in liver chromatin, revealing 72 and 420 direct targets of Foxa2 in each condition, respectively (Supplemental Table S3 ). Direct Foxa2 targets on the standard diet (41 of which overlap with direct targets on the CA diet) function mainly in acute phase/stress response and xenobiotic metabolism, while direct Foxa2 targets on the CA diet also include genes involved in the stress response, as well as those functioning in lipid metabolism and the regulation of transcription. We further divided the set of 420 direct targets of Foxa2 on CA diet into a CA nonresponsive set of 232 genes and a CA-responsive set of 188 genes (categories 2 and 3, respectively; Fig. 5 ). This allowed us to distinguish between the genes that are upregulated by CA as a physiological response to increased bile acid load and those that are downregulated in Foxa2 mutants for another reason. We supplemented the set of CA nonresponsive targets with unique direct targets on standard diet (category 1, 29 targets) to complete the collection of all CA-nonresponsive genes, dependent on Foxa2 on either diet, and used scanning algorithms to detect enriched transcription factor binding motifs that were present in the regulatory elements of the CA-responsive and CA-nonresponsive genes.
In addition to the expected numerous forkhead motifs enriched among Foxa2 targets that were identified as statistically significant, we found that motifs for ligand activated nuclear receptors (Fxr, Er, Pxr, Rora) were overrepresented exclusively in the CA-responsive targets ( Table 1 ). The only nuclear receptor shared between the two categories was Hnf4␣, which is known to co-regulate many genes in the liver with Foxa2 (18) . The motifs that were present in CA-nonresponsive Foxa2-dependent targets included those of more ubiquitously expressed transcription factors (Usf, Creb), Hnf1, a motif called UF1-H3␤, and a consensus sequence closely resembling that site (Egr). The element "UF1-H3␤" was described previously as a sequence in the Foxa2 promoter for an ubiquitous DNA binding protein, essential to the promoter activity of Foxa2 itself (19) . It is still not clear which transcription factor binds this sequence. However, in addition to appearing in the Foxa2 promoter, the UF1-H3␤ motif is overrepresented in regulatory elements of direct CA nonresponsive targets of Foxa2. Conversely, the IR-1 response element for FXR is present in the promoter of Foxa2 gene, as well as in regulatory elements of CA responsive direct targets of Foxa2 (Fig. 6 ). These distinct feed-forward regulatory loops elucidate how Foxa2 itself might be regulated.
We computed the distances between the Foxa site and motifs for the other transcription factors in the regulatory elements of CA-responsive and CA-nonresponsive genes and found that, in general, the two presumed binding sites are located closer to each other in the CA nonresponsive modules ( Table 1 ). The IR-1 response element for Fxr is the exception and is the only nuclear receptor motif that is closer to the Foxa site than any motif in the CA nonresponsive category. A permutation test revealed that this partition for the two categories was statistically significant (P value Ͻ0.016).
We also examined the relationship between Foxa2 and other transcription factors, whose motifs were overrepresented in regulatory elements of Foxa2 targets. We observed that Foxa2 also binds to the cis-regulatory elements of several of these transcription factors, as well as the coactivators that act on these DNA-binding proteins. In a traditional regulatory feedforward loop, (FFL, shown in Fig. 6A ) a given transcription factor, the hub in the network, regulates another transcription and its targets. We add another element to the conventional FFL, whereby Foxa2 binds also to the regulatory elements of co-activators of the transcription factor it regulates. These loops are distinct for CA-responsive and CA-nonresponsive targets (Fig. 7) . In the case of CA-responsive genes, Foxa2 binds to the promoter of Pxr, as well as the promoter of Ncoa2 (SRC-2), a nuclear receptor coactivator that recruits chromatin remodeling enzymes. In the CA-nonresponsive network, Foxa2 binds the promoter of Hnf1␣ and a nonhistone chromosomal protein that stabilizes nucleosomes, Hmgb1, which in a protein-protein interaction helps Hnf1␣ bind DNA (13, 35) . It has been reported previously that Foxa transcription factors can open compacted chromatin (6), but our data shows that Foxa2 also binds regulatory elements of proteins involved in chromatin remodeling, affecting the network through its targets on a larger scale.
We found that Foxa2 regulates other transcription factors and coactivators, (Pxr and Ncoa2), which then contribute to the CA-mediated regulation of expression of a variety of target genes involved in lipid metabolism. To test our model, we evaluated whether CA regulation of these genes is altered in Ncoa2 (SRC-2) knockout mice. Expression of Slc27a5 was significantly downregulated in Ncoa2-deficient livers of mice fed a CA diet, while expression of Por showed a downward trend. Also, expression of Abcc3 and Cyp3a11, known Pxr targets, was significantly reduced in Ncoa2-deficient mice on the CA diet. We have characterized Cyp3a11 as a direct Foxa2 target and reported that expression of Abcc3 is decreased in Foxa2 loxP/loxP ;Alfp.Cre mice fed a CA diet (3), while others have shown that Abcc3 is also bound by Foxa2 (33) . In addition, mRNA levels of Rdh9, a direct target of Foxa2 with a predicted Fxr binding site (Supplementary Table S4) were also reduced in Ncoa2-deficient livers.
In summary, we found that multiple signaling pathways necessary for the liver's response to acute liver injury are impaired in livers of Foxa2-deficient mice. We also discovered distinct feed-forward regulatory loops in the CA-responsive and CA nonresponsive direct targets of Foxa2, showing that Foxa2 interacts with different transcription factors to achieve gene expression responses appropriate for each physiological state. ;Alfp.Cre animals on CA diet (7,066 total) and those bound by Foxa2 (1,516 total) consists of 420 direct targets of Foxa2.
DISCUSSION
Binding of Foxa2 to its targets in the adult liver has been studied previously by several groups, but none thus far has integrated occupancy data with changes in mRNA levels in Foxa2 deficient mice in an orthogonal analysis. Rada-Iglesias and colleagues (21) found 196 targets corresponding to 154 unique human genes and reported that FOXA2 often binds to distal regulatory elements. Odom and colleagues (18) performed ChIP for liver-enriched transcription factors in human hepatocytes and assigned 890 targets of FOXA2. They focused on describing the crosstalk between several hepatic transcription factors but did not carry out a functional analysis of the biological targets of Foxa2 themselves. In a subsequent study, Odom and colleagues (17) compared Foxa2 binding in mouse and human in the regions represented in both genomes (574 targets in mouse and 151 in A: the set of downregulated genes in Foxa2-deficient animals on CA diet was partitioned into CA responsive (those that are upregulated in WT animals on CA diet) and CA nonresponsive. B: the 2 sets of genes in A were intersected with the set of genes bound by Foxa2 to produce the Foxa2-dependent and CA-responsive and Foxa2-dependent and CA-nonresponsive groups.
human) and concluded that in vivo binding has diverged considerably between the two organisms. The latest analysis of Foxa2 binding in the mouse liver, using massively parallel sequencing (ChIP-Seq), identified 5,060 genes as Foxa2 targets, 2,781 of which also contained a SAGE tag, suggesting they were expressed in adult liver (33) . Binding of several of these targets was confirmed by quantitative real-time PCR (QPCR). The authors searched for other cis-regulatory motifs near the Foxa2 binding site, characterizing the distribution of Gata4, Hnf1, and Pax6 motifs relative to the Foxa2 sequence. Although the Pax6 motif was found to be overrepresented among Foxa2 targets, that transcription factor is not expressed in mature hepatocytes. Hnf1␣ is known to co-regulate many genes in the liver with Foxa2 (18). The authors provided a possible explanation for co-occurrence of Gata4 motif near the Foxa2 site, suggesting that both could regulate chromatin structure in general, but did not address the presence of the Pax6 motif near Foxa2 consensus sites in liver chromatin. Knocking down Foxa2 expression in Hepa1-6 hepatoma cells to test whether Foxa2 regulates the bound targets led to reduction in expression of six of the nine genes tested, suggesting that a significant portion of targets found to be bound in vivo by this study are not affected by change in Foxa2 expression, at least in the conditions studied.
We also have performed a genome-wide location analysis of Foxa2 in adult mouse liver previously using a custom array (Mouse PromoterChip BCBC-5A) and characterized the targets (107 in total) based on the strength of Foxa2 consensus motif, finding that genes with a weaker Foxa2 binding consensus are more liver-specific (30) . As mentioned above, we had previously employed ChIP-on-Chip to discover a novel role for Foxa2 in bile acid metabolism (3).
To investigate why Foxa2 loxP/loxP ;Alfp.Cre mice exhibit a more dramatic phenotype on a CA-enriched diet, we used a comprehensive functional genomic approach to examine how Foxa2 regulates its targets in a CA-dependent manner. CA activates thousands of genes in a physiological response to increased bile acid load, many of which are downregulated in the absence of Foxa2. We found that signaling pathways necessary for the liver's response to acute liver injury are impaired in livers of Foxa2-deficient mice. We extended our analysis of the set of genes directly bound by Foxa2 in vivo by using a larger platform and detected 1,516 target regions. Unlike previous studies of transcriptional regulation by Foxa2 in the adult liver, we concentrated on direct targets of Foxa2, genes that are bound and whose expression is downregulated in Foxa2-deficient mice. Wederell and colleagues reported that only 43.5% of the genes that were found to be Foxa2-bound by massive parallel sequencing are expressed in the adult liver (33) . While various binding studies can inform on all potential genes that could be affected by Foxa2, we have shown that expression of a specific subset of bound genes is changed in absence of Foxa2 in the adult liver and that the set of regulated genes depends on in the physiological condition. It is likely that other bound targets of Foxa2 could be influenced by Foxa2 status in other physiological situations, or, since tissue-specific regulation is often modular (20) , that expression of several transcription factors might need to be reduced to observe a change in the expression of a given target.
In general, a transcription factor activates its targets by binding to a specific sequence in the DNA and interacting with cofactors to modify chromatin and to recruit the basal transcriptional machinery. Tissue-specific gene regulation is combinatorial, as cis-regulatory modules often comprise binding sites for multiple transcription factors. Several groups have attempted to chart the transcriptional regulatory circuits operative in hepatocytes by combining genome-wide location analysis with computational predictions [Kyrmizi et al. (11a) ; Odom et al. (18) ], but we are the first to show that these cis-regulatory modules depend on the physiological state examined.
Naturally occurring and synthetic ligands for nuclear receptors, such as CA, are typically employed to study the function of specific nuclear receptors. Here we demonstrate that a winged helix transcription factor regulates its targets differentially depending on the presence of a ligand to a nuclear receptor, i.e., Fxr. We have shown that the number of both direct and indirect targets of Foxa2 increases dramatically in mice fed a CA diet, reinforcing the notion that Foxa2 plays an important role in bile acid metabolism. We also discovered distinct feed-forward regulatory loops controlling the CAdependent and -independent targets of Foxa2, suggesting that Foxa2 interacts with different transcription factors to achieve gene expression appropriate for each physiological state. In addition, we validated our predicted regulatory loop in the CA condition, showing that CA regulation of several Foxa2 targets involved in lipid metabolism is blocked in Ncoa2 (SRC-2) mutant mice, as predicted by our model.
Finally, we located several motifs present in the promoter of Foxa2, which are also overrepresented among the regulatory elements of Foxa2 targets, hinting at how Foxa2 itself could be regulated in different conditions. It is possible that bile acid stimulate Fxr to activate transcription of Foxa2 in an acute condition, while its expression, like that of bile acid synthesis enzymes and certain transporters, is repressed in chronic cholestatic injury. Previous reports have demonstrated reduced expression of Foxa2 in rodent models of cholestasis (9, 37), while we showed that FOXA2 expression is decreased in livers of human patients with different cholestatic syndromes (3) . Understanding the mechanisms leading to bile acid-induced hepatic damage and how Foxa2 is regulated will be helpful to the treatment of these disorders. 
